The homeodomain family of transcription factors plays a fundamental role in a diverse set of functions that include body plan specification, pattern formation and cell fate determination during metazoan development. Members of this family are characterized by a helix-turn-helix DNA-binding motif known as the homeodomain. Homeodomain proteins regulate various cellular processes by specifically binding to the transcriptional control region of a target gene. These proteins have been conserved across a diverse range of species, from yeast to human. A number of inherited human disorders are caused by mutations in homeodomain-containing proteins. In this study, we present an evolutionary classification of 129 human homeodomain proteins. Phylogenetic analysis of these proteins, whose sequences were aligned based on the three-dimensional structure of the homeodomain, was performed using a distance matrix approach. The homeodomain proteins segregate into six distinct classes, and this classification is consistent with the known functional and structural characteristics of these proteins. An ancestral sequence signature that accurately describes the unique sequence characteristics of each of these classes has been derived. The phylogenetic analysis, coupled with the chromosomal localization of these genes, provides powerful clues as to how each of these classes arose from the ancestral homeodomain.
INTRODUCTION
The homeobox was first identified in 1984 as a conserved DNA sequence within the homeotic selector genes of Drosophila (1, 2) . The 180 bp homeobox region encodes a helix-turn-helix DNA-binding motif known as the homeodomain. Soon after the discovery of homeobox genes in Drosophila, homologous genes were also identified in yeast, mouse and human (for a review see 3). Homeodomaincontaining proteins are transcription factors that regulate axial patterning, segment or cell identity and proliferation. A class of homeobox genes, the HOM-C complex in Drosophila, and their mammalian counterparts, the Hox genes, are organized in linked chromosomal clusters and show a striking colinearity in their 5′→3′ chromosomal position. They also show remarkably similar expression patterns along the anterior-posterior axis, determining the basic body plan during embryogenesis. In addition, homeobox genes appear to be either clustered or dispersed in the genome. The homeobox gene family is a large and diverse one, playing a fundamental role in metazoan development.
Homeodomain proteins regulate diverse developmental programs by modulating expression patterns of target genes in a temporal, spatial and tissue-specific manner (3) . The DNAbinding mode of homeodomains has been extensively studied through both structural and site-directed mutagenesis experiments (4) (5) (6) (7) (8) (9) (10) (11) (12) . X-ray crystallographic and NMR spectroscopic studies on several members of this family revealed that they contain three helical regions that are folded into a compact, globular structure having an N-terminal extension. Helices I and II lie parallel to each other and across from the third helix; this third helix is also known as the recognition helix. It has been shown that the third helix binds to the major groove of DNA, where it makes specific contacts with the DNA bases (13) . The N-terminal arm also makes additional specific contacts to DNA bases in the adjacent minor groove. In addition, the conserved loop between helices I and II establishes specific contacts with the phosphate backbone. The third helix, in conjunction with the N-terminal arm, confers the DNAbinding specificity of individual homeodomain proteins. Amino acid conservation is highest within the recognition helix (14) .
In previous analyses of homeodomain proteins, the family has been sub-classified into smaller groups (14) . Within each sub-class, homeodomain proteins from a wide range of species show very high sequence conservation (80-100%) as well as conserved genetic function. Although the absolute sequence similarity varies among different groups, two positions in helix I (Leu 16 and Phe 20) and five positions in helix III (Trp 48, Phe 49, Asn 51, Arg 53 and Lys/Arg 55) are almost always conserved. A class of 'atypical' homeodomain proteins have also been identified; their primary sequence diverges considerably from the homeodomain consensus, having insertions or deletions within the 60 residue homeodomain motif. Despite this, X-ray crystallographic studies of the atypical MATα homeodomain revealed that it essentially forms the canonical homeodomain structural motif, even though it has three extra residues in the loop between the first and second α-helices *To whom correspondence should be addressed. Tel: +1 301 402 6858; Fax: +1 301 402 6858; Email: andy@nhgri.nih.gov (12) . It has been shown that a wide range of sequence variations can be accommodated in formation of the homeodomain (15) .
A number of earlier studies have addressed the evolutionary history of the homeodomain family (16) (17) (18) (19) (20) . In most instances, the analysis was performed on a smaller number of sequences or on an individual class of homeodomains. Here, a near complete data set of all human homeodomain sequences has been analyzed. The purpose of this study was to rigorously derive a phylogenetic relationship among the human homeodomain proteins and to better understand the patterns of conservation and divergence among different classes. The sequences of 129 human homeodomain sequences have been compiled and aligned in accordance with thermodynamic results from homology model building experiments. Therefore, the alignment is based on the three-dimensional structure of the homeodomain, rather than using traditional sequence homology methods. This new structural alignment was then used to infer the clustering relationships between the human homeodomain proteins. The homeodomain proteins segregate into six distinct classes and this classification is consistent with the known functional and structural characteristics of these proteins. This new phylogenetic study provides a rational evolutionary framework with which to classify homeodomains and, more importantly, identify new members based on conserved sequence features, as more information becomes available from the human and other systematic sequencing projects.
MATERIALS AND METHODS

Homeodomain sequence extraction and alignment
The homeodomain sequences used in this study were compiled from various source databases using the PSI-BLAST algorithm (21) , as well as from the literature. A PSI-BLAST search, using the sequence of HOXA1 (accession no. P49639) as the query, identified 427 entries from the non-redundant database at NCBI and 122 entries from the SWISS-PROT database. Duplicate sequences, sequence fragments and homeodomains formed at translocation break points were eliminated from the data set. A final data set of 129 human homeodomain proteins was selected for further analysis. A multiple sequence alignment of the homeodomain of these 129 proteins was made using CLUSTAL W (22) . The resulting multiple sequence alignment was manually refined to reflect the thermodynamic information obtained from homology model building experiments (15) . All accession numbers are given in Figure 1 . The complete data set can be accessed through the World Wide Web at http://genome.nhgri.nih.gov/homeodomain/phylogeny.
Phylogenetic analysis
Phylogenetic trees for the homeodomain family were constructed using algorithms contained within the PHYLIP Phylogeny Inference Package v.3.5c (23) . PROTDIST was used on these 129 sequences to calculate a distance matrix according to the Dayhoff PAM probability model (24) , as well as the categories model (23) . The computed distances represent the expected fraction of amino acid substitutions between each pair of sequences. The distance matrix was then used to estimate phylogenies using the neighbor joining (NJ) method (25) . Bootstrapping was carried out using SEQBOOT (1000 replicates for the PAM model of substitution and 100 replicates for the categories model of substitution). To independently confirm the results using alternative methodologies, a subset of 54 sequences was analyzed by both the NJ method applied as above on 1000 replicates as well as by the weighted least squares distance method of Fitch and Margoliash (23) on 100 replicates. All FITCH runs were performed with global rearrangements. CONSENSE was used to compute the consensus tree by the majority rule method. The final unrooted tree diagram was generated using TREETOOL (http://ftp.sunet.se/ pub/Science/Molecular_Biology/unix/treetool/).
RESULTS AND DISCUSSION
Sequence alignment
All available human sequences belonging to the homeodomain family were compiled as described above. After elimination of partial, incomplete or artificial sequences, a final data set of 129 proteins were selected for further analysis (Table 1) . Multiple sequence alignments of the homeodomain proteins were performed based on the results of threading experiments using the structure of engrailed (pdb|1HDD) as the template for structure prediction (data not shown; cf. 15). The method of alignment used here is significantly different from traditional methods based on sequence similarity scores. This method produced an alignment that was able to accommodate the atypical homeodomain proteins, placing their 'additional' amino acids within the loop region between helices II and III. The full alignment of 129 sequences can be found at http:// genome.nhgri.nih.gov/homeodomains/phylogeny/. An alignment of a subset of the proteins analyzed (74 of 129), representing all the resulting classes within the homeodomain family, is shown in Figure 1 . In this figure, the sequences are arranged by class to show the conserved features characteristic for each class (see below). This alignment is based on the experimentally determined structure of Drosophila engrailed and the positions of the α-helices determined from the crystal structure are shown above the alignment. It is obvious from this alignment that, while there may not be absolute identity at many positions among the sequences examined, there are discrete regions of high similarity present across all the individual classes. The extended N-terminal arm of the homeodomain is rich in basic amino acids, with most of the proteins having a hydrophobic residue at position 8 prior to the beginning of helix I. Specific positions within helix I (positions 16 and 20) and helix II (positions 34 and 40) are usually occupied by a hydrophobic amino acid. A number of positions that are absolutely conserved within the homedomain include Trp 48, Phe 49, Asn 51 and Arg 53, all of which are in helix III. The high conservation of these residues in the third helix has major implications for DNA binding and overall stability of the tertiary structure of the homeodomain. In the X-ray structure of engrailed, the third helix fits directly into the major groove, with these invariant residues lying closest to the DNA. The invariant hydrophobic residues (Trp 48 and Phe 49) maintain the hydrophobic core by establishing favorable interactions with hydrophobic amino acids in helices I and II, thereby stabilizing the three-helical bundle structure of the homeodomain (15) . Asn 51 and Arg 53, along with several neighboring residues in helix III, make critical contacts with the DNA and constitute the DNA recognition face of the homeodomain. The major groove contacts made by Asn 51 and Arg 53 have been observed in all DNA-bound homeodomain structures solved so far (13) , as well as in the atypical class of homeodomains where sequence conservation is quite low compared to the other classes (12) . The residue at position 50, along with two others (positions 47 and 54) is critical for DNA-binding specificity of the homeodomain and serves to define the subclasses of the homeodomain family (26) .
Phylogenetic analysis
The evolutionary relationships between 129 structurally aligned human homeodomain proteins were determined in this study. This data set included the atypical homeodomain proteins containing insertions within the canonical 60 residue Table 1 . The homeodomain family of proteins homeodomain. The NJ algorithm from the PHYLIP Phylogeny Inference Package was used to perform this analysis, using the Dayhoff PAM distance matrix as the basis for calculations (24) . The resulting unrooted tree is shown in Figure 2 (see the World Wide Web supplement at http://genome.nhgri.nih.gov/ homeodomain/phylogeny for bootstrap support as described in the Materials and Methods). A different distance matrix obtained for this data set using the categories model of amino acid substitution (23) generated the same tree topology (data not shown). Again, it is immediately apparent that the data set segregates into six classes. Although this phylogenetic reconstruction was performed only with the DNA-binding portion of the homeodomain sequences, the classifications do indeed correspond to the known functions of each of the full-length proteins.
This classification of homeodomain proteins was further confirmed by analysis of a subset of 54 sequences representing all the classes of this family. A NJ analysis of this smaller data set with 1000 replicates generated essentially the same tree topology with better bootstrap support (data not shown). A more robust analysis of these 54 sequences was performed using FITCH, a least squares distance method employing global rearrangement that conducts an exhaustive search for the best tree. Under this method, the sum of the branch lengths between any two species is expected to equal the distance between the species found in the calculated distance matrix. The consensus FITCH tree obtained from 100 bootstrap replicates confirms the branching pattern observed in the larger NJ tree (see World Wide Web supplement).
HOX class. The largest number of sequences examined in this analysis belong to the HOX class. Members of the HOX class are homologous to the clustered homeobox genes found in the antennapedia and bithorax complexes (HOM-C) of Drosophila. The homeotic selector genes in HOM-C are involved in the specification of developmental fate of body Table 1 . The amino acid residues that are absolutely conserved across all homeodomain classes are shown in white with a blue background and the residues that are conservatively substituted are highlighted in yellow. For each of the homeodomain classes, the conserved residues are indicated by a downward arrow. The numbering scheme at the top of the figure refers to the amino acid positions within the 60 residue canonical homeodomain. The positions of the three α-helices found in the X-ray structure of engrailed (8) are shown above the figure. ALSCRIPT v.2.04 was used to format the alignment (85) . segments in Drosophila. Mutations in these genes often cause transformation of one body structure into another, structures that should normally be located elsewhere (27, 28) . In human and mouse, there are multiple orthologs of Drosophila HOM-C genes that are organized into four linked clusters at four different chromosomal locations in the genome. These genes co-localize to a single location in Drosophila. The similarity between the HOM-C genes in Drosophila and the mammalian Figure 2 . Phylogenetic relationships between the members of the homeodomain protein family. Unrooted neighbor joining trees were generated using the PHYLIP Phylogeny Inference Package v.3.5c (23) . TREETOOL, a freestanding tree editor and formatter, was used to generate the tree diagram. The homeodomain classes are color coded and the abbreviations used here correspond to those in the alignment presented in Figure 1 .
Hox genes is carried through to the level of function, with genes towards the 5′-end of the clusters being transcribed at more posterior positions along the body axis and at later times during embryogenesis. It has been hypothesized that the HOX cluster probably originated from tandem duplications resulting in an array of genes linked on a single chromosome in the ancestral metazoan, followed by cluster duplications and rearrangement in early vertebrate evolution (29) . Cluster duplication most likely occurred as multiple distinct events, with the four cluster state arising in three sequential steps (30) . The present repertoire of HOX genes in each cluster is unique, probably due to gene loss during chromosomal rearrangement.
In human, there are 39 HOX genes organized in four paralogous clusters (HOXA, HOXB, HOXC and HOXD) in the genome. The chromosomal locations of the human HOX clusters are shown in Figure 3 . Each cluster contains a subset of 13 paralogous genes (numbered 1-13 from the 3′-end) defined on the basis of sequence similarity. The HOX genes within each cluster show higher sequence similarity to paralogous genes in other HOX clusters, as compared to linked genes within the same cluster (31) . This observation would be expected from duplication of a single ancient cluster. The paralogous genes in the HOX clusters also show conservation with respect to the functional domains found along the body axis. The genes at the 3′-end function in the anterior or the head region, the middle genes function in the trunk region and the 5′-genes function in the posterior or tail region of the embryo (32) . This division into functional domains is also observed in this phylogenetic analysis. The HOX class members analyzed here further segregate into four sub-classes corresponding to their serial position within each cluster. Paralogous HOX genes 1 and 2 form the anterior sub-class, HOX 3 genes form sub-class 3, HOX genes 4-8 form the middle sub-class and HOX genes 9-13 form the posterior sub-class (Fig. 2) , reflecting their expression domain along the body axis.
A multiple sequence alignment of the human HOX class shows several conserved residues, including Arg5 in the N-terminal arm; Gln 12, Glu 15, Leu 16, Glu 17 and Glu 19, within the first helix, are also conserved in all members of this family. The recognition helix for the HOX class is highly conserved, with a Gln residue at position 50, a major determinant of the DNA recognition site. The HOX class members exhibit very similar DNA-binding specificities due to high conservation of amino acids in the recognition helix (33) . Additional specificity in DNA recognition for the HOX members is achieved through cooperative DNA binding with other proteins (34) .
A number of limb-and digit-related disorders are caused by mutations in a HOX gene. Targeted disruption of the mouse orthologs of HOXA10 and HOXA11 has established that these genes play a role in the skeletal development of the forearm (35) . Mutation in HOXA11 is responsible for a malformation of the forearm (radio-ulnar synostosis) associated with amegakaryocytic thrombocytopenia in humans (35) (36) (37) . The only two other HOX genes implicated in human inherited disorders are HOXD13 in synpolydactyly (38) and HOXA13 in hand/foot/genital syndrome (39, 40) . The phenotypic skeletal defects in the distal extremities for HOXA13 and HOXD13 and in the forearm for HOXA11 reveal the functional domains for each of these HOX class members. More severe HOX-related human disorders have not been observed, probably due to lethality of the mutation.
Extended HOX. A number of sequences analyzed in this study are closely related to the individual HOX sub-classes, which are not part of any of the four HOX clusters. The CDX members (CDX1, CDX2 and CDX3) segregate with the posterior HOX sub-class (Fig. 2) . The CDX genes, the vertebrate orthologs of the Drosophila caudal gene, are involved in specification of axial skeletal identities (41) and intestinal development (42) . Another non-linked HOX-related protein, IPF1, segregates with HOX sub-class 3 members (Fig. 2) . Mutations in IPF1 are involved in several disorders, including agenesis of the pancreas, congenital pancreatic hypoplasia and diabetes mellitus. The dilemma of a close evolutionary relationship of these dispersed genes with the HOX sub-classes was resolved by finding linkage of the orthologous cephalochordate Amphioxus genes in a novel cluster (17) . It has been hypothesized that these non-linked HOX-like genes are constituents of the ParaHox cluster, an evolutionary sister of the HOX cluster, that originated by duplication of the primordial ProtoHox cluster (17, 43) .
Several other homeodomain proteins also show close evolutionary relationships with the HOX class (Fig. 2) . These include the EVX, MOX, EMX, HLXB9, GBX, EN and HESX1 proteins. Some of these proteins, in addition to being related phylogenetically to the HOX class, exhibit genetic linkage to the HOX clusters as well. It has been shown that human EVX1 and EVX2 are each linked to the 5′-end of the HOXA and HOXD clusters (Fig. 4) , respectively, suggesting that the EVX and HOX genes were linked in an ancient cluster before duplication (44, 45) . The chromosomal location of the human MOX genes also imply a similar situation: MOX1 is tightly linked to the HOXB cluster on chromosome 17 and MOX2 is close to the HOXA cluster on chromosome 7 (46) .
A triad of HOX-related genes (HLXB9, GBX1 and En-2) shows tight linkage at 7q36 (Fig. 4) . The paralogous genes EN-1 (2q13) and GBX2 (2q36-q37) map close to the HOXD cluster, hinting at a common ancestry in the expanding HOX cluster (47) . The other HOX-related genes, EMX1 and EMX2, are not linked to any of the HOX clusters; they may have been transposed away from the expanding HOX cluster during chromosomal rearrangements.
NK class.
In this phylogenetic analysis, the NK class is most closely related to the HOX class. It has been hypothesized that the ancient NK gene cluster was chromosomally linked to an ancient HOX cluster prior to genome duplication and rearrangement (46) . The sequence signature for the NK class includes conserved residues that are needed to stabilize the three-helical bundle structure of the homeodomain, as well as other conserved positions likely to be needed for protein-DNA interactions (Fig. 3) . This signature is most closely related to the paralogous HOX sub-class 1, having the critical phenylalanine at position 8 prior to the beginning of the first helix. All other HOX proteins contain a tyrosine residue at position 8. A sub-class of the NK class, consisting of NKX2.2, NKX2.8, CSX, TTF1, BAPX1 and NKX3.1, contain a tyrosine residue at position 54 in the third helix, specifying the divergent DNA recognition sequence for this sub-class (48) .
Many members of the NK class are involved in specification of muscle cell lineage. A well-studied member of this class, CSX, is expressed only in the heart and is critical for cardiogenensis (49) . Targeted disruption of the mouse homolog of CSX causes early embryonic lethality, with cardiac development arrested at the linear heart tube stage, prior to looping (50) . Identification of human mutations in CSX that cause congenital heart disease elucidates gene defects that perturb later stages of cardiac development (51, 52) . Also, the CSX ortholog in Drosophila, tinman, is expressed in the developing dorsal vessel and in the equivalent of the vertebrate heart. Mutations in this gene result in loss of heart formation in the embryo, suggesting that tinman is essential for Drosophila heart formation (53) . The critical role played by CSX and its mouse and Drosophila orthologs during cardiogenesis indicates functional conservation during metazoan evolution.
A group of homeodomain proteins closely related to the NK class constitutes the DL sub-class (Fig. 2) . The DL sub-class consists of six DLX and two MSX members. The DLX and MSX genes are the vertebrate orthologs of the Drosophila Distal-less (Dll) and msh (muscle segment homeobox) genes, respectively. During mouse embryonic development, the dlx and msx genes are expressed in distinct and overlapping regions of the first and second branchial arches (54, 55) that generate many structures, including bone, teeth and hair. Targeted deletion of mouse dlx and msx genes have revealed their importance in craniofacial and dental development (56, 57) . In humans, mutations in MSX1 cause selective tooth agenesis with or without orofacial clefting (58) , while mutations in MSX2 are responsible for craniosynostosis manifested as premature closure of the cranial sutures (59) and skull ossification defects (60) . Also, mutations in DLX3 are associated with tricho-dento-osseous syndrome, which is characterized by abnormal teeth, bone and hair development (61) . The members of the DL sub-class play critical roles in the complex pathways involved in human craniofacial growth and development.
The DLX genes are organized in pairs and show an interesting association with the HOX clusters (Fig. 4) . DLX1 and DLX2 are tightly linked to the HOXD cluster on chromosome 2 (62), while DLX3 and DLX4 are linked to the HOXB cluster on chromosome 17 (63, 64) . DLX5 and DLX6 and the HOXA cluster are all on chromosome 7, albeit not tightly linked (62) . In this analysis, the DL sub-class is more closely related to the NK class than to the HOX class (Fig. 2) . Furthermore, MSX1 is closely linked to two NK class members (HMX1 and BAPX1) on chromosome 4 and MSX2 is close to another NK class member (CSX) on chromosome 5. The chromosomal locations of the DL class members, together with its overall phylogenetic position (Fig. 2) , lends support to the hypothesis that the NK class members were originally adjacent to the HOX cluster, from which the ancestral DL class arose (46) .
Paired class.
After the NK class, the Paired class appears most closely related to the HOX class based on this clustering analysis. Members of the Paired class show a high degree of sequence conservation, with 22 residues of the 60 residue homeodomain being absolutely conserved. The positions that are necessary to maintain the folded structure of the homeodomain (Phe8, Leu16, Phe20, Trp48 and Phe49) are all conserved in all members of this class. A conserved triad (TyrPhe-Asp) in the loop region between the first and the second helices is characteristic of this class. In addition, ∼50% of the residues in the third helix are identical in all members of this class. The Paired class sequence signature (Fig. 3) deduced from the sequence alignment recognizes proteins belonging to this class across diverse phyla.
Most members of this class are involved at different steps in eye morphogenesis; consequently, a number of human eyerelated disorders are caused by mutations in a Paired class homeodomain gene. A list of human disorders caused by mutations in Paired class proteins is shown in Table 2 . A subset of the Paired class, the PAX proteins, contains an additional DNA-binding domain, called the paired domain. It has been postulated that, during evolution, there was a homedomaincapturing event by an ancestral paired protein that generated the PAX class of transcription factors (16) . The most extensively characterized member of the Paired class is PAX6; mutations in this protein cause aniridia, a severe eye disorder in humans (65) . The finding that human aniridia, small eye of the mouse, and ey of Drosophila are encoded by orthologs of PAX6 suggests that eye organogenesis is under similar genetic control in both vertebrates and insects, in spite of the large differences in eye morphology and mode of development (66) . The LIM class shows overall lower sequence conservation in both the N-terminal extension and within the first α-helix. Although positions 8 (Phe, Leu or Ile), 16 (Met, Leu or Phe) and 20 (Phe or Tyr) are all occupied by hydrophobic amino acids, when considered as a group they are much more heterogeneous in nature compared to other homeodomain proteins. A triad of residues at positions 38-40 (Thr-Gly-Leu) defines this class; this particular triplet has not been observed in any other class within the homeodomain family. A sequence signature deduced for the human LIM class, based on this triad and other conserved residues in the third helix, uniquely identifies family members from diverse organisms, including nematodes, flies and vertebrates.
Comparison of the expression patterns and functions of LIM class homeodomain proteins reveals several interesting features that are conserved across most species. Several members of this class are involved in neuronal patterning and proliferation. Knockout studies in mice have shown that the mouse ortholog of human LHX3 is responsible for a critical step in pituitary cell fate commitment and regulates proliferation and differentiation of pituitary-specific cell lineages (67) .
Not surprisingly, mutations in LHX3 lead to combined pituitary hormone deficiency in humans (68) . Another member of this class, LMX1B, is essential for dorsoventral patterning during limb development. Mutations in LMX1B cause the human disorder nail patella syndrome characterized by limb patterning defects and, in some cases, kidney malfunctions (69) .
POU class. Among the typical homeodomain proteins, the POU class members are evolutionarily furthest from the HOX class proteins. Members of the POU class are characterized by a bipartite DNA-binding domain, consisting of an ∼75 residue long POU-specific domain that is tethered by a flexible linker to the homeodomain. High affinity, site-specific DNA binding by POU class transcription factors requires both the POUspecific domain and the POU homeodomain. The presence of two structurally independent DNA-binding sub-domains enables POU class members to adopt various monomer configurations on DNA, thereby conferring additional variability in target recognition. POU class members can also homodimerize or heterodimerize to further enhance their functional repertoire.
Although the POU class homeodomain sequences show ∼25% sequence identity with the HOX class members, several features are uniquely conserved within the POU class. In the N-terminal arm of the POU homeodomain, the first five residues are either lysine or arginine, followed by a conserved threonine residue. This region of the homeodomain fits in the minor grove of the target DNA and makes contact near the 5′-end of the binding site (70) . The recognition helix of the POU class homeodomains is highly conserved, with a distinguishing cysteine residue at position 50 in all the members of this class. In the X-ray structure of the POU class member Oct-1, the sulfhydryl group of Cys 50 makes a hydrogen bond with the carbonyl oxygen of Arg 46 (70) . Also, Cys 50 makes van der Waals contact with the target DNA sequence. A sequence signature based on the conserved residues of the human POU class proteins, including Cys 50, accurately identifies family members across diverse phyla.
Transcription factors belonging to the POU class have been shown to be important regulators of tissue-specific gene expression in a broad array of developmental systems, including lymphoid, endocrine and early mammalian neurogenesis. Mutations in the POU1F1 gene in human and in its mouse ortholog, Pit1, are responsible for combined pituitary hormone deficiency, manifested by pleiotropic deficiencies of the growth hormone prolactin and thyroid-stimulating hormone. Two other members of this class, POU4F3 and POU3F4, are involved in inner ear development. Mutations in POU4F3 are associated with inherited progressive hearing loss *The CHX10 gene is contained within two PAC clones having GenBank accession nos AC006349 and AC005519. (71) , whereas POU3F4 mutations cause human X-linked mixed deafness (72).
Atypical class. As its name suggests, this class contains the divergent members of the homeodomain family. Members of the atypical class show very low sequence identity with other homeodomain classes, except for the invariant residues Trp48, Phe49, Asn51 and Arg53 in the third helix. A proline residue is also conserved in the loop region between the first and second helices. A sub-class of the atypical homeodomains clustered in this analysis that contains three additional residues in the first loop region has been characterized as the TALE class in a previous analysis (73) . X-ray crystallographic studies on a TALE sub-class member, the MATα protein from yeast, revealed that it essentially forms the canonical homeodomain structure. Another highly divergent member of the atypical class with 21 extra amino acids (HNF1) also forms the threehelical bundle homeodomain structure, with the additional residues accommodated in the loop region between helices II and III (4) . It therefore appears that a variety of divergent sequences are still capable of forming the evolutionarily conserved homeodomain structure.
A number of inherited developmental disorders are caused by mutations in atypical class members. HNF1A and HNF1B are responsible for maturity onset diabetes of the young types III and V, respectively. The atypical class member SIX3 is essential for development of the anterior neural plate and eyes in humans and four different mutations in the homeodomain of SIX3 are associated with holoprosencephaly (74) . The human SIX proteins are the orthologs of the Drosophila sine oculis (so) gene, which encodes a nuclear homeoprotein required for eye development. Another atypical class member TGIF is expressed during early brain development in mice (75) and four missense mutations in TGIF have also been identified in patients with holoprosencephaly (76) .
Genomic perspective
The recent publication of the initial analysis of the human genome sequence (77) provides some interesting insights as to the evolutionary origin of the human genome in general, and to the origin of portions of the homeodomain family in particular. One interesting observation is the fact that the loci containing the four major homeodomain gene clusters on chromosomes 2, 7, 12 and 17 contain few to no repeat sequences. In fact, these regions of the human genome have the absolutely lowest density of repeats, with the interspersed repeats accounting for <2% of the sequence. It is speculated that the lack of repeats indicates that the region contains critical large-scale cis-regulatory elements that cannot be interrupted by insertions such as repeat sequences. This is consistent with the nature of the cellular roles played by the homeodomain proteins, particularly with respect to development.
Another interesting observation coming from the human genome sequence (77) regards the possible evolutionary origin of the four major clusters listed above, having to do with the concept of segmental duplication (78) (79) (80) . This mode of duplication, where 10-300 kb of sequence can be moved from location to location within the genome, may account for interchromosomal duplications amongst non-homologous chromosomes. These events, which allow for copies of genes to undergo evolutionary drift and possibly acquire new functions, may explain the pattern of distribution of some of the homeobox genes as well as the array of functions that can be performed by homeodomain proteins.
One final speculation that has arisen from having the human genome sequence in hand concerns whole genome duplication, where part or all of an organism goes from being diploid to being tetraploid (77) . This process is often cited as the underlying cause for large-scale evolutionary shifts (81) (82) (83) (84) . While there is no direct evidence in this study or elsewhere regarding the HOX genes specifically, it is interesting to speculate as to whether this process did, in fact, give rise to the four major HOX gene clusters seen on chromosomes 2, 7, 12 and 17 or whether the fact that there are four HOX gene clusters (mimicking the tetraploid state) is purely coincidental.
What is sure is that availability of the full, finished human genome sequence, along with that of closely related organisms, will allow a much more in-depth analysis of questions such as these, analyses which may shed some new light on the evolutionary development of the human species.
